ABSTRACT
V
iruses generally selectively package their own genomic RNA over host RNA. In many cases, virus capsid proteins have been found to bind specific high-affinity sequences and/or structures on viral RNA, which helps to preclude encapsidation of host RNAs (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) . In the case of the satellite tobacco necrosis virus (STNV) and MS2 bacteriophage, specific RNA sequences may not exist; rather, the genome may contain numerous distinct but functionally similar packaging sites (e.g., small stem-loops) that are bound simultaneously but independently by multiple coat protein (CP) subunits (4, 18, 19) . In addition, it has been suggested for some viruses that assembly occurs within viral factories consisting predominantly of viral RNA, thus making encapsidation of host RNA less likely. For example, the replicase-associated 2C ATPase encoded by the poliovirus genome interacts with the capsid protein, and this leads to morphogenesis at the replication site (20) . Many viruses are known to encapsidate host RNAs when the coat protein is expressed under artificial conditions. One such example is MS2 phage, which encapsidates a 16S rRNA precursor during expression from a plasmid in bacterial cells (21) . Pariacoto virus (PaV) as well as flock house virus (FHV), both of which are nodaviruses, can produce virus-like particles (VLPs) during artificial expression in insect cells (22, 23) . Potato leaf roll virus also forms VLPs when the coat protein is expressed in insect cells and encapsidates host RNAs in the size range of 80 to 200 nucleotides (nt) (24) . Transient expression of brome mosaic virus (BMV) CP in the absence of replicase also results in encapsidation of host RNA species (25) . Siegel (26) was the first to show that a plant virus, tobacco mosaic virus (TMV), encapsidates host RNA during infection, with approximately 2 to 2.5% of total virion RNA of the U2 strain of TMV corresponding to host RNA sequences and predominantly chloroplast RNA. Later, Rochon and Siegel (15) showed that chloroplast DNA transcripts, excluding rRNAs, are encapsidated by the U2 strain of TMV. FHV has recently been found to encapsidate host RNAs during infection, with up to 1% of total virion RNA corresponding to host RNA sequences (23) . Thus, although mechanisms are in place to ensure encapsidation of predominantly viral RNA during infection, in a few cases, host RNAs have also been shown to be encapsidated, albeit at a significantly lower level.
Cucumber necrosis virus (CNV) is a member of the Tombusvirus genus in the family Tombusviridae (27) (28) (29) . As such, the genome is positive-sense, single-stranded RNA encapsidated by a Tϭ3 icosahedral shell. The genome is approximately 4.7 kb, and the 34-nm capsid is comprised of 180 identical copies of a single 41-kDa CP. Besides the CP, the CNV genome encodes 4 additional proteins ( Fig. 1A) : an auxiliary replicase factor (p33), an RNAdependent RNA polymerase (p92), the cell-to-cell-movement protein (p21), and a silencing suppressor (p20). The CNV CP is translated from a subgenomic RNA (sgRNA1) during infection, as are p21 and p20 (sgRNA2). p33 is translated from full-length genomic RNA, and p92 is a readthrough product of the leaky amber termination codon of the p33 open reading frame (ORF) (29) (30) (31) (32) (33) ).
An X-ray crystal structure of the CNV particle has been determined at a 2.9-Å resolution (34), and the particle structure has also been determined by cryo-electron microscopy (cryo-EM) at a 12-Å resolution (35) . The cryo-EM structure shows that the capsid consists of both an inner shell and an outer shell, with the inner shell forming a Tϭ1-like scaffold that may be used for particle assembly. The structures of the particle and CP of CNV are similar to those of the tombusvirus tomato bushy stunt virus (TBSV) (35) . The CP subunit of CNV consists of 3 major domains: an inward-facing RNA binding domain (R); the shell domain (S), which forms the outermost shell of the particle; and the P domain, which projects from the particle surface (Fig. 1A) . A flexible 34-amino-acid (aa) arm connects the R domain to the S domain, and a 5-aa hinge tethers the S domain to the P domain. Deletion analysis of the R domain has shown that specific R-domain sequences are required for Tϭ3 icosahedral symmetry, as Tϭ1 particles are formed in their absence (35) (36) (37) . Additionally, it has been shown that a KGKKGK sequence at the C-terminal region of the R domain is required for encapsidation of full-length CNV RNA, at least in part due to its role in the neutralization of negatively charged phosphates of encapsidated RNA (37) .
Approximately 1 to 5% of the CNV CP in a CNV-infected cell is present in chloroplasts (38) . Although the biological significance of chloroplast targeting is not known, it was suggested that CNV particles may uncoat on the cytoplasmic side of the chloroplast outer membrane as CP subunits are reeled into the chloroplast during CP uptake (38) . Using green fluorescent protein (GFP) fusion protein constructs, it has been determined that most of the arm domain plus 4 aa of the S domain are minimally required for chloroplast targeting (38) . Coat protein-GFP fusion protein constructs have also been shown to target mitochondria, wherein 38 aa of the N-terminal region of the CP are sufficient for mitochondrial targeting (39) . We have previously shown that 3 specific cleavage events occur during chloroplast targeting of the CNV CP (38, 39) (Fig. 1B) . Cleavage near the R/arm boundary, which may occur in the cytoplasm or mitochondria, gives rise to a 32.9-kDa protein. This protein is functionally equivalent to a chloroplast preprotein, in that it contains an N-terminal chloroplast transit peptide-like sequence of at least 38 aa and is capable of targeting chloroplasts. A second cleavage was found to occur near the arm/shell junction during chloroplast uptake into the stroma, giving rise to a protein of 31.1 kDa. A third minor cleavage event (not shown in Fig. 1 ) occurs in the mitochondria in the R domain approximately 25 to 35 aa from the N terminus (38, 39) . ing the 5 open reading frames and the proteins that they encode. The CP ORF is expanded, and the 3 main domains (R, S, and P) along with the arm region and hinge (h) are shown. The approximate region of the CP that contains the chloroplast transit peptide-like sequence is underlined. RdRp, RNA-dependent RNA polymerase; gRNA, genomic RNA. (B) Diagrammatic representation of 3 CP cleavage events that take place during targeting of the CNV CP to chloroplasts (47, 48) . The first cleavage is near the R/arm junction and results in an N-terminal ϳ32.9-kDa truncated CP where the chloroplast transit peptide is now at the N terminus of the protein. This cleaved species resides in the chloroplast intermembrane space or mitochondrial matrix. The second cleavage is near the arm/S junction and occurs within the stroma (where this 31.1-kDa species resides) likely via the stromal processing peptidase. (C) Diagrammatic representation of the structure of pCNVCPpBin(ϩ). The 35S promoter, the alfalfa mosaic virus (AMV) translational enhancer, and the nopaline synthase transcription termination signal (Nos-T) are shown along with the position of the CNV CP. The restriction enzyme cleavage sites used for cloning purposes are also indicated.
During studies to analyze the biological significance of chloroplast targeting of the CNV CP and to analyze the viral origin of an assembly sequence(s), we have found that Nicotiana benthamiana plants agroinfiltrated with CNV CP accumulate both Tϭ3-and Tϭ1-like particles that encapsidate specific host RNA species, here referred to as VLPs. Using next-generation sequencing (NGS) analysis of RNA extracted from RNase-treated VLPs, we found that the majority of the encapsidated host RNA is of chloroplast origin, but host RNAs of mitochondrial and nuclear origin are also encapsidated. rRNAs from each of these organellar compartments were included among the host RNAs found to be encapsidated in VLPs. The CNV CP mRNA generated during agroinfiltration was additionally encapsidated and, compared with other efficiently encapsidated host RNAs, had the highest relative encapsidation efficiency. Additionally, the TBSV p19 mRNA expressed during coagroinfiltration with CNV CP was also encapsidated relatively efficiently, suggesting that the CNV CP ORF and the CNV p20 ORF (CNV p20 is the homolog of TBSV p19) each contains a high-affinity CNV CP binding site used for encapsidation. Additionally, we have found that highly purified, RNase-treated CNV particles extracted from infected leaves also contain host RNA (ϳ0.1% of total virion RNA), again, with the majority of the host RNA corresponding to chloroplast RNA. As has been shown for FHV (23) , retrotransposon RNA sequences are also encapsidated and represent approximately 0.5 to 1.3% of total encapsidated host RNAs and, remarkably, the highest proportion of encapsidated nonribosomal nucleus-encoded RNA. These results suggest a means whereby retrotransposons can be horizontally transferred to other CNV hosts and, therefore, a means by which viruses can significantly influence the evolution of host genomes.
MATERIALS AND METHODS
Plasmid construction. The pCNVCPpBin(ϩ) construct containing the CNV coat protein ORF in the Agrobacterium tumefaciens binary plasmid vector pBin(ϩ) was prepared in two steps. In the first step, the CNV CP ORF was cloned into the intermediate vector pBBI525 between the dual 35S promoter and the NOS terminator to form pBBI525/CNVCP. The CNV CP ORF was PCR amplified by using the forward primer CNV-040 and the reverse primer CNV-279 (see Table S1 in the supplemental material) from a previously described full-length infectious CNV cDNA clone, pK2/M5 (30) . The PCR product was inserted in the NcoI and BamHI sites of pBBI525 by bimolecular ligation. The 35S promoter, the CNV CP ORF, and the NOS terminator from pBBI525 were digested with KpnI and EcoRI and inserted into similarly digested pBin(ϩ). The final structure of the pCNVCPpBin(ϩ) construct is shown in Fig. 1C .
Agrobacterium-mediated transient expression. Agrobacterium-mediated transient expression of pCNVCPpBin(ϩ) was performed as described previously (40) .
Virus and VLP purification. Wild-type (WT) CNV was propagated in N. benthamiana plants mechanically inoculated with infectious transcripts prepared from pK2/M5 as described previously (30) . Infected leaves from transcript-inoculated plants were used to inoculate a large batch of 4-to 6-week-old N. benthamiana plants. VLPs were produced by agroinfiltration of N. benthamiana leaves with pCNVCPpBin(ϩ). The TBSV p19 protein was coexpressed in the agroinfiltrated plant cells to suppress induction of gene silencing (41) , thereby allowing optimal expression of pCNVCPpBin(ϩ). CNV virions and pCNVCPpBin(ϩ) VLPs were extracted using differential centrifugation as previously described (35) . WT CNV particles were electrophoresed through 1% (wt/vol) agarose gels in TB buffer (45 mM Tris, 45 mM borate, pH 8.3) as described previously (42) . Virions were stained with ethidium bromide (EtBr) in the presence of TB buffer containing 1 mM EDTA and photographed under UV illumination. Electrophoresis of VLPs from CNV CP-infiltrated plants was conducted using 2% (wt/vol) agarose gels in TB buffer for 1.5 h (36) . Known concentrations of WT CNV particles (as determined by spectrophotometry) were used as mass standards. The yield of VLPs was typically approximately 1/60 of the yield of CNV virions.
For the smaller-scale purification of CNV and VLPs, a procedure that involved polyethylene glycol precipitation and only low-speed centrifugation was utilized (36, 43) .
RNase treatment of CNV virions and VLPs. CNV virions and VLPs were treated with RNase A (Invitrogen), when indicated, at a concentration of 0.02 ng/l for 30 min at room temperature. Prior to RNA extraction using phenol chloroform and SDS in the presence of EDTA as previously described (30) , the mixtures were adjusted to 20 mM ␤-mercaptoethanol to inhibit RNase activity during the purification procedure. Pilot experiments showed that free RNA was readily digested under these conditions, whereas virion RNA remained intact. Purified RNA was then treated with DNase I (Qiagen) as described below for total leaf RNA.
Transmission electron microscopy of CNV virions and VLPs. Transmission electron microscopy of uranyl acetate-stained virions was conducted as described previously (36) .
SDS-PAGE and Western blot analysis. Total leaf protein, VLPs, and virions were subjected to SDS-PAGE and Western blot analysis as previously described (40) using a polyclonal antibody raised against the bacterially expressed S and P domains of the CNV CP (antibody SP).
Total leaf RNA purification, electrophoresis, and Northern blot analysis. Total leaf RNA was extracted using an RNeasy plant kit (Qiagen) following the manufacturer's protocol, including DNase I treatment. RNA was electrophoresed through 1% agarose gels in 0.5ϫ TBE (44.5 mM Tris, 44.5 mM boric acid, 1 mM EDTA, pH 8) and visualized by staining with EtBr as previously described (42) . For Northern blot analysis, virion RNA was separated in a 1% formaldehyde-agarose gel, transferred to Zeta-probe GT blotting membranes (Bio-Rad), and hybridized with a randomly primed 32 P-labeled cDNA probe specific for uninfected total leaf RNA using a Random Primers DNA labeling system (Invitrogen).
N-terminal peptide sequencing. The N termini of the pCNVCPpBin(ϩ) 41-kDa, ϳ33-kDa, and ϳ31-kDa proteins present were determined by Edman degradation analyses by the Protein Facility of the Iowa State University Office of Biotechnology using a PerkinElmer Applied Biosystems model 494 Procise protein/peptide sequencer. Protein species were obtained from pCNVCPpBin(ϩ)-infiltrated leaf tissue by immunoprecipitation using a CNV CP-specific polyclonal antibody. The proteins were electrophoresed through an SDS-polyacrylamide gel, and individual CP species were excised from the gel prior to Edman degradation analysis. NGS of RNA. Two different CNV virion RNA preparations or VLP RNA prepared as described above was subjected to NGS using the Ion Torrent semiconductor or Illumina sequencing platform. For Ion Torrent sequencing (Ion Proton; Life Technologies), reads were single end and the length between fragments varied by up to 200 bases. The library preparation method utilized a total RNA sequencing kit (v2; Life Technologies) with no poly(A) enrichment. For Illumina sequencing, the length was 75 nucleotides. The library preparation method utilized a TruSeq Stranded mRNA LT kit (Illumina) with no poly(A) enrichment. CNV virions were obtained from 2 independent virus purifications from different batches of infected leaf tissue. In the first case, virions were not treated with RNase and total RNA was sequenced using Ion Torrent sequencing. In the second case, virions were treated with RNase prior to RNA extraction, and sequencing was by use of the Illumina technology. CNV VLPs were treated with RNase prior to RNA extraction, and sequencing was performed by use of the Ion Torrent technology. Sequencing was outsourced to Applied Biological Materials, Inc. (Richmond, BC, Canada). Prior to sequencing, the quality of the RNA was determined using an Agilent 2100 bioanalyzer (Agilent Technologies, Inc.). Poor-quality reads containing any base with a Phred score of Ͻ20 and reads containing less than 50 bases were re-moved. Three data sets corresponding, respectively, to CNV VLP RNA and to untreated and RNase-treated CNV virions were obtained. These data sets are referred to as CNVVLP-RNAseq, CNV-RNAseq1, and CNVRNAseq2, respectively.
Alignment of reads from next-generation sequencing. Alignment of the reads was conducted using the CLC Genomics Workbench (v6.5 or v7.5). A similarity fraction of 0.95 and a length fraction of 0.5 were used for all mappings except for the rRNAs, where the similarity fraction was 0.95 and the length fraction was 0.95. The mismatch cost was set to 2, the insertion cost was set to 3, and the deletion cost was set to 3. The NCBI GenBank accession numbers of the genes or genomes used for alignment of the reads were M25270 for the full-length sequence of CNV RNA (29), NC_001554.1 for the TBSV p19 sequence (44), Z00044 for the 23S and 16S rRNA genes derived from the complete Nicotiana tabacum chloroplast genome (45) , and BA000042 for the 26S and 18S rRNA genes derived from the N. tabacum mitochondrial genome (46) . GenBank accessions AF479172 and AJ236016 were used for the complete N. tabacum 26S and 18S cytoplasmic rRNAs, respectively. The N. benthamiana transcriptome (v5) was downloaded from http://sydney.edu.au/science/molecular _bioscience/sites/benthamiana/ (47). Sequences that mapped to the N. benthamiana transcriptome were identified on the basis of the annotations in the downloaded N. benthamiana transcriptome. The accuracy of several of the annotations was confirmed by BLAST analysis against the sequences in the NCBI database and adjusted accordingly (see Fig. S1 to S3 in the supplemental material).
RT-PCR analysis. One hundred nanograms of mock total leaf RNA, 100 ng of pCNVCPpBin(ϩ) VLP RNA, or 5 g of WT CNV RNA obtained as described above was reverse transcribed into cDNA using SuperScript III reverse transcriptase (RT; Invitrogen) and gene-specific reverse primers (see Table S1 in the supplemental material). cDNA was amplified using Taq polymerase (Invitrogen) and the gene-specific primers indicated in Table S1 in the supplemental material using standard PCR protocols. RT-PCR products were analyzed by electrophoresis through 1% agarose gels buffered in TAE (Tris-acetate-EDTA) followed by staining with ethidium bromide. ddPCR analysis. SuperScript III RT (Invitrogen) and gene-specific reverse primers for cDNA synthesis (see Table S1 in the supplemental material) were used for reverse transcription. Serial dilutions of the cDNAs were prepared, and droplet digital PCR (ddPCR) was performed using a QX200 droplet digital PCR system (Bio-Rad) according to the manufacturer's protocol.
Calculation of REE. Calculation of the encapsidation efficiency (REE) of CNV CP mRNA relative to that of other encapsidated pCNVCPpBin (ϩ) VLP RNAs was conducted as described previously (10) using the results of ddPCR. The ratio of the number of molecules of the indicated RNA in virion RNA with respect to that of CNV CP mRNA was divided by the ratio of the number of molecules of the indicated RNA in total leaf RNA with respect to that of CNV CP mRNA. The result was multiplied by 100 and is shown as a percentage. A similar formula was applied for calculating the REE of host RNAs.
RESULTS AND DISCUSSION
Agroinfiltrated CNV CP encapsidates host RNA species. CNV CP was cloned into the A. tumefaciens binary vector pBin(ϩ) and used to agroinfiltrate N. benthamiana leaves. This construct, pCNVCPpBin(ϩ) (Fig. 1C) , was coagroinfiltrated with the tomato bushy stunt virus (TBSV) p19 suppressor of silencing (41) to suppress silencing of CNV CP mRNA and, consequently, increase the levels of CNV CP. At 5 days postinfection (dpi), leaves were collected and subjected to virus purification utilizing a method previously used for the purification of CNV particles from infected plants (36) . Agarose gel electrophoresis followed by ethidium bromide staining of purified material showed the presence of two distinct virus-like particles (VLPs) ( Fig. 2A) : one species comigrated with authentic CNV Tϭ3 particles, whereas the other species migrated at a higher rate similar to that of the Tϭ1 particles formed by CNV mutants lacking R-domain sequences (36) . The putative VLPs were further analyzed by negative staining followed by electron microscopy (Fig. 2B) . It can be seen that particles similar in size to authentic 34-nm CNV Tϭ3 particles were evident, along with particles of a smaller diameter of approximately 23 nm, similar in size to previously described CNV Tϭ1 particles (35, 36) . In addition, particles with apparent defects in structure, such as the one indicated in Fig. 2B , panel ii, where the particle appears to contain a hole with missing CP subunits, were also observed.
pCNVCPpBin(ϩ) VLPs were subjected to RNase treatment to eliminate any RNA that may have copurified with the virus particles, and then RNA was extracted from the treated VLPs and analyzed by agarose gel electrophoresis. Four discrete species of approximately 3.3 kb, 2.0 kb, 1.8 kb, and 1.4 kb were observed along with a mixture of smaller species ranging in size from ϳ0.5 to 1.3 kb (Fig. 3A, lane 1) . The pattern of RNA species observed did not differ between RNase-treated and untreated VLPs (data not shown). The approximately 3.3-kb species comigrated with host cytoplasmic 26S rRNA, and the ϳ1.8-kb species comigrated with host cytoplasmic 18S rRNA. The ϳ2.0-kb RNA, the 1.4-kb RNA, and the series of smaller species did not have a clear counterpart in total uninfected leaf RNA, suggesting that these species may be selectively encapsidated during infection. To further analyze the host origin of pCNVCPpBin(ϩ) VLP RNA species, a randomly primed cDNA probe for total uninfected N. benthamiana leaf RNA was hybridized to VLP RNA, which was electrophoresed through a denaturing agarose gel and blotted onto a Zeta-probe GT membrane (Bio-Rad) (Fig. 3B) . The results show that the 3.3-kb, 1.8-kb, and 1.4-kb species visible on ethidium bromidestained gels each hybridized to host RNA. On the basis of the sizes of the RNAs, the 3.3-kb species may be 26S rRNA and the 1.8-kb species may be 18S rRNA, but this requires further confirmation. The putative identities of the remaining 2.0-kb species, the 1.4-kb species, and the series of smaller RNA species which do not have detectable counterparts in total leaf RNA are unknown. Collectively, the results indicate that pCNVCPpBin(ϩ) VLP RNA corresponds to host RNA encapsidated by pCNVCPpBin(ϩ) CP following agroinfiltration. Thus, although it is generally believed that viral CPs selectively encapsidate viral RNA, agroinfiltrated CNV CP efficiently encapsidates host RNAs, suggesting as described further below that encapsidation specificity may occur preferentially during the infection process.
To eliminate the unlikely possibility that uninfiltrated N. benthamiana harbors VLPs, uninfiltrated leaves were subjected to virus purification using the same amount of tissue and the methods used for purification of the pCNVCPpBin(ϩ) VLPs. No virus particles were observed, as determined by agarose gel electrophoresis (data not shown). As well, purified material was subjected to the virion RNA extraction procedure utilized for purification of CNV RNA and pCNVCPpBin(ϩ) VLP RNA, and no RNA was observed following agarose gel electrophoresis (data not shown).
pCNVCPpBin(؉) VLPs are comprised of full-length CNV CP as well as 2 CP cleavage products associated with chloroplasts or mitochondria. Total protein from pCNVCPpBin(ϩ) VLP preparations was analyzed by SDS-PAGE followed by Western blotting analyses to determine the sizes of the CP species present in pCNVCPpBin(ϩ) VLPs (Fig. 4) . In addition to the fulllength 41-kDa CNV CP species, 2 additional species of approximately 32.9 kDa and 31.1 kDa were observed. The fulllength 41-kDa species as well as the 2 cleavage products associated with VLPs comigrated with proteins detected in total leaf protein from pCNVCPpBin(ϩ)-agroinfiltrated plants (Fig. 4, compare  lanes 2 and 1, respectively) . These 2 cleavage products, in turn, comigrated with the 2 CNV cleavage products that have previously been shown to be associated with chloroplasts or mitochondria (38, 39) and can be detected in total leaf extracts of CNV- infected plants (Fig. 4, lane 3) . As summarized in Fig. 1 , the 32.9-kDa species is the result of cleavage near the R/arm junction and has been found to be associated with the chloroplast intermembrane space as well as with mitochondria (38, 39) . The 31.1-kDa species is a further cleavage product of the chloroplast 32.9-kDa species and results from cleavage near the arm/S junction in the chloroplast stroma (38, 39) . Collectively, the results demonstrate that pCNVCPpBin(ϩ) VLPs are comprised of full-length CNV CP as well as the 2 chloroplast proteins or the mitochondrial cleavage product. Previous studies have shown that CNV Tϭ1 particles can be formed during infection from CNV CP deletion mutants lacking the CP R domain (36, 37) , suggesting that it may be possible that the Tϭ1 particles present in pCNVCPpBin(ϩ) VLPs are comprised exclusively of the 32.9-kDa species. Studies have not been conducted to determine if particles lacking both the R and the arm domains can form Tϭ1 particles, so it is not possible to speculate on whether the 31.1-kDa protein can itself form particles. We also note that the 32.9-kDa species might also be present in the Tϭ3-sized particles, as such an observation was previously made with CNV Tϭ3 particles of a mutant that also produced Tϭ1 particles (36) .
To precisely identify and map the N termini of the CP cleavage products, pCNVCPpBin(ϩ) CP species were immunoprecipitated with a CNV-specific polyclonal antibody and the two cleavage products were isolated from SDS-polyacrylamide gels and sequenced. Since CNV virions also contain low levels of a similarly sized cleavage product, CNV virions were also used as a source of protein. Edman degradation analysis showed that the N terminus of the 32.9-kDa species corresponds to CNV CP amino acids YAVKG (aa 78 to 82) just downstream from the R/arm junction (yielding a protein with a molecular mass of 32.9 kDa) and the 31.1-kDa product corresponds to CNV CP amino acids SVRIT (aa 93 to 97), corresponding to the first 5 aa of the S domain at the arm/S junction (yielding a protein with a molecular mass of 31.1 kDa).
It is noted that although the 32.9-kDa cleavage product predominates in CNVCPpBin(ϩ) VLPs and in total leaf protein from N. benthamiana leaves agroinfiltrated with CNVCPpBin(ϩ), the full-length 41-kDa CNV CP predominates in CNV virions and total leaf protein from infected N. benthamiana leaves (Fig. 4) .
Although we have not directly tested the basis for this, it is likely that full-length CNV CP is readily assembled with virion RNA during infection and this not only stabilizes the 41-kDa species but also precludes chloroplast targeting. However, in pCNVCPpBin (ϩ)-infiltrated plants, full-length CP does not readily assemble into particles and therefore is relatively more available for chloroplast targeting. Our studies have shown that pCNVCPpBin(ϩ)-infiltrated tissue yields, on average, only approximately 5 g VLP/g leaf tissue, whereas CNV-infected leaves yield approximately 300 g virions/g leaf tissue.
Identification and characterization of host RNA species encapsidated in pCNVCPpBin(؉) VLPs and WT CNV virions. NGS analysis was conducted to determine the identity of host RNA species encapsidated by pCNVCPpBin(ϩ) VLPs and by WT CNV virions during infection. RNA was extracted from RNasetreated VLPs and from WT CNV particles that were either not treated (CNV-nr) or treated (CNV-r) with RNase (18) . After quality control analyses, approximately 8.1 million reads from pCNVCPpBin(ϩ) VLP RNA, 9.1 million reads from CNV-nr RNA, and 372 million reads from CNV-r RNA were obtained. The three data sets are referred to as CNVVLP-RNAseq, CNV-RNAseq1, and CNV-RNAseq2, respectively. The reads from CNVVLPRNAseq were aligned to the N. benthamiana transcriptome (v5) from the University of Sydney School of Molecular Bioscience (http://sydney.edu.au/science/molecular_bioscience/sites /benthamiana/). Host sequences were identified on the basis of the annotations in the N. benthamiana transcriptome, and several annotations were confirmed or redefined by BLAST analysis using the NCBI database (see Fig. S1 to S3 in the supplemental material). Since both CNV CP and TBSV p19 mRNAs were expressed in agroinfiltrated plants from which pCNVCPpBin(ϩ) VLPs were obtained, the numbers of reads obtained for each sequence were determined using the respective sequences available in the NCBI database (see Materials and Methods). The full-length sequence of CNV RNA was used as a source for the viral genome in the analysis of the CNV-RNAseq1 and CNV-RNAseq2 data. Unmatched reads were then aligned with the N. benthamiana transcriptome as described above. To quantify the relative amounts of rRNAs encapsidated, the individual full-length cytoplasmic N. tabacum 26S and 18S rRNAs, chloroplast 23S and 16S rRNAs, and mitochondrial 26S and 18S rRNAs were used as reference genes. Figure 5 summarizes the major findings. Of the approximately 8.1 million reads in the CNVVLP-RNAseq data set, approximately 5 million mapped to the N. benthamiana transcriptome and 2.9 million remained unassigned. Sequences corresponding to the CNV CP mRNA and the TBSV p19 mRNA accounted for approximately 49,000 (0.93%) and 12,000 (0.24%) of the assigned reads, respectively. These data confirm that N. benthamiana RNA species are encapsidated by CNV VLPs and also demonstrate that both TBSV p19 RNA and CNV CP mRNA are encapsidated (Fig. 5A) .
Similar analyses using the CNV-RNAseq1 data set showed that of the approximately 9.1 million reads, 8.96 million corresponded to assigned sequences, of which CNV RNA made up 99.29%, and 191,000 were unassigned (Fig. 5B) . N. benthamiana host RNA sequences accounted for approximately ϳ63,000 reads (including reads not annotated, i.e., ϳ9,000), indicating that approximately 0.7% of CNV virion RNA is host derived. For CNV-RNAseq2, approximately 368 million reads were obtained; ϳ343 million of those corresponded to CNV RNA sequences and approximately 25 million remained unassigned. N. benthamiana host RNA sequences accounted for approximately ϳ296,000 reads (including reads not annotated), indicating that approximately 0.09% of CNV virion RNA is host derived. Since CNV-RNAseq2 data were derived from RNase-treated virions, 0.09% is likely the closer estimate of the contribution of host RNA to total encapsidated virion RNA.
The most abundantly encapsidated RNAs derived from the chloroplast, mitochondrial, and nuclear genomes are summarized in Fig. 6 for the 3 data sets. In the CNV VLPs (Fig. 6A) , chloroplast 23S rRNA was the most abundantly encapsidated RNA, with a reads per kilobase (RPK) value of ϳ761,000. The second most abundantly encapsidated RNA was chloroplast 16S rRNA, with an RPK value of ϳ417,000. Nuclear and mitochondrial rRNAs were also highly encapsidated, with RPK values ranging from ϳ44,000 to ϳ303,000. Ribulose bisphosphate carboxylase large chain (RbcL) mRNA, which is encoded by the chloroplast, had the highest RPK value of the encapsidated mRNAs encoded by the nucleus, chloroplast, and mitochondria. Other chloroplast RNAs also had higher RPK values, with the top 6 chloroplast RNAs having RPK values higher than those of either of the top nucleus-encoded or mitochondrion-encoded RNAs. The most abundantly encapsidated nucleus-encoded mRNA (RPK ϭ ϳ3,800) was an uncharacterized protein that showed strong sequence similarity to 7S signal recognition particle (SRP) RNA, and the most abundantly encapsidated mitochondrion-encoded RNA was 60S ribosomal protein L2 (RPK ϭ ϳ9,800). Overall, chloroplast RNAs appeared to be much more efficiently encapsidated than nucleusencoded or mitochondrion-encoded RNAs (Fig. 6A) . Encapsidation of chloroplast RNA is consistent with the observation that CNV CP enters chloroplasts during agroinfiltration, as described above. The observation that mitochondrial RNAs are also encapsidated is likely a reflection of the entry of CNV CP into mitochondria, also described above. Taken together, the results indicate that CNV CP can assemble with a vast array of host RNA species in agroinfiltrated plants.
As will be described in more detail below, CNV CP also encapsidated the CP mRNA and TBSV p19 mRNA expressed during agroinfiltration. In fact, CNV CP was the most efficiently encapsidated of the mRNAs expressed in N. benthamiana, with an RPK value of ϳ43,000, i.e., 48,887 reads (Fig. 5A) per 1,140-nt coding region. TBSV p19 mRNA has an RPK value of ϳ24,000, i.e., 12,360 reads (Fig. 5A) per 518-nt coding region, making it more efficiently encapsidated than any nucleus-or mitochondrion-encoded mRNA. A measure of the efficiency of encapsidation of these RNAs relative to that of host RNAs is described further below. Figure 6B summarizes the relative amounts of host RNAs encapsidated in CNV virions on the basis of the RPK values of individual transcript identifiers. Interestingly, some similarities with the CNVVLP-RNAseq data set (Fig. 6A ) existed in the overall trend with respect to the levels of encapsidated host RNAs. Chloroplast rRNAs were again the most efficiently encapsidated, as were chloroplast mRNAs, in comparison to nucleus-encoded and mitochondrion-encoded rRNAs and mRNAs. It might be expected that chloroplast RNAs represent the most abundantly encapsidated RNAs in CNVVLPs since a large proportion of the CNV CP is present in chloroplasts (Fig. 4) . However, chloroplastlocated CNV CP represents only approximately 1 to 5% of the CP present in infected cells (38) , but it is responsible for encapsidating the majority of host (chloroplast) RNAs. It is possible that assembly of CNV RNA occurs in the cytoplasm in a microenvironment that separates the CP from the host RNA species and, thus, viral RNA is preferentially encapsidated. CNV RNA may also contain sequences that facilitate the assembly process, which would contribute to the preferential encapsidation efficiency (see below). In addition, as has been suggested for the encapsidation of BMV RNA, the presence of the replicase could enhance the specificity of encapsidation (25, 48, 49) , a process which, in the case of CNV, would not take place in chloroplasts, since CNV replicase does not enter chloroplasts; rather, it is targeted to peroxisomes (50) . As the total number of reads corresponding to encapsidated host RNAs was relatively low and the CNV preparation used for the analyses whose results are presented in Fig. 6B was not treated with RNase prior to deep sequencing analysis (although it was , and CNV-RNAseq2 (C) data sets that aligned with the genes (CNV CP ORF and TBSV p19), the genome (WT CNV RNA), or the transcriptome (N. benthamiana) were determined using CLC Genomics Workbench (v6.5 and v7.5). Not annotated, no or little nucleotide sequence identity to other proteins could be detected during annotation.
highly purified), we repeated the deep sequencing analysis using RNase-treated virions and Illumina sequencing and obtained more reads. In addition, the CNV preparation was from a different batch of infected plants. In this data set (CNV-RNAseq2) (Fig.  6C ), approximately 296,000 host reads rather than the approximately 63,000 (including sequences not annotated) obtained in the CNV-RNAseq1 data set (Fig. 6B) were obtained, allowing a more statistically valid interpretation. The pattern of encapsidated host RNAs was remarkably similar, with chloroplast RNAs once again representing the majority by far. Moreover, 8 of the top 10 encapsidated chloroplast RNAs in the CNV-RNAseq2 data set were represented in the top 10 encapsidated chloroplast RNAs in the CNV-RNAseq1 data set. As for the encapsidated mitochondrial RNAs, only 4 of the top 10 encapsidated RNAs in CNVRNAseq2 were the same as those in CNV-RNAseq1, possibly owing to the statistically significantly lower number of mitochondrial reads obtained in the CNV-RNAseq1 data set. Additionally, it is possible that some of the differences between the data sets may be due to the use of Illumina versus Ion Torrent sequence analysis. Also, the CNV-RNAseq1 data set may have included stable RNA species that copurified with CNV virions, since this data set was derived from CNV virions that were not treated with RNase.
It was also noted that many of the chloroplast and mitochondrial RNAs efficiently encapsidated in VLPs were also efficiently encapsidated by CNV during infection. For example, 7 of the top 10 encapsidated mitochondrial RNAs in the CNV-RNAseq2 data set were present in CNVVLP-RNAseq, and 5 of the top 10 encapsidated chloroplast RNAs in the CNVRNAseq2 data set were also present in CNVVLP-RNAseq (compare Fig. 6A and C) . This may simply be a reflection of the abundances of these RNA species in pCNVCPpBin (ϩ)-agroinfiltrated and CNV-infected plants, but a potential preference for encapsidating certain RNA species may also be present. Further research is required to ascertain these possibilities.
Retrotransposons are encapsidated by both pCNVCPpBin(؉) VLPs and WT CNV particles. A most interesting finding in both CNV virion data sets was the prevalence of RNA sequences in , and CNV-RNAseq2 (C) data sets are indicated. Alignments were performed against the N. benthamiana transcriptome. The CLC Genomics Workbench (v6.5) was used to perform the alignments using a length fraction of 0.5 and a similarity fraction of 0.95. All reads of less than 40 nt were discarded from the analysis. The number of reads per kilobase (RPK) value and the number of reads are given for each transcript, and the ordering is based on the RPK values. All V. vinifera sequences were determined by BLAST analysis to correspond to retrotransposon-like sequences, as outlined in Fig. S1 to S3 in the supplemental material. It is noted that several chloroplast and mitochondrial transcripts in the N. benthamiana transcriptome are multicistronic and are annotated according to the 5=-most gene. Thus, the number of reads for a given reference gene may include reads that mapped to other 3= distally located genes in the reference transcript. Figures S1 and S3 in the supplemental material provide detailed information regarding the mapped sequences.
nucleus-encoded encapsidated RNAs that correspond to retrotransposons or retrotransposon-like RNAs (Fig. 6B and C) . The retrotransposons included both major superfamilies of long terminal repeat (LTR) class I transposons, Gypsy and Copia, which are abundant in plant genomes, as well as LINE-1 transposons, which are non-LTR class I transposons also known to be present in plants (51) (52) (53) (54) (55) (Fig. 7) . In CNV-RNAseq2, these elements represented the top 8 encapsidated nucleus-encoded RNAs. In CNVRNAseq1, they represented 6 of the top 10. Retrotransposons or retrotransposon-like sequences were not as abundant in CNV VLPs, where they represented only 2 of the top 10 encapsidated RNAs. Figure 7 summarizes the retrotransposons encapsidated in CNV VLPs and CNV virions. In CNV VLPs (Fig. 7A) , retrotransposons represented approximately 0.047% of the total assigned reads, with LTR class I Gypsy family-related transposons being the most abundant. In CNV virions, retrotransposon sequences represented approximately 0.4% and 1.3% of the total assigned host reads in the CNV-RNAseq1 and CNV-RNAseq2 data sets, respectively. In both these cases, LTR class I Gypsy elements were the most abundant, as in CNV VLPs. It is noted that during the analysis of retrotransposons in CNV virions, it became apparent that the N. benthamiana genome likely encodes more retrotransposons than are annotated. This was found when analyzing the top 10 encapsidated nuclear host RNAs in CNV virions. For example, in a pBLAST search of the translated sequences of 4 of the top 10 encapsidated RNAs which were uncharacterized sequences matching Vitis vinifera RNAs (see Fig. 6C , column 1), the presence of conserved sequences corresponding to the various proteins found in retrotransposons was observed. For example, as described in Fig. S3 in the supplemental material, a putative uncharacterized protein labeled n ϭ 2, Tax ϭ Vitis vinifera, RepID ϭ A5B1A3_VITVI contained signature domains for the Gag polyprotein and pepsin/retropepsin superfamilies. Similarly, a putative uncharacterized protein labeled n ϭ 1, Tax ϭ Vitis vinifera, RepID ϭ A5BDH9_VITVI contained a nucleotide sequence with similarity to that of the Beta vulgaris TY3/Gypsy retrotransposon (GenBank accession number JX455094.1) as well as showed domain features of the pepsin/retropepsin superfamily. Figure 7 provides data only for reads mapped to reference genes with annotations referring to retrotransposons, so these are likely an underestimate of the contribution of retrotransposons to encapsidated RNAs in CNV virions.
The observation that CNV VLPs contain an approximately 10-to 28-fold lower level of retrotransposons than CNV virions could suggest that retrotransposons become more prominent during CNV infection. It has been reported that stress and pathogen infection, including virus infection, can induce retrotransposons (56) (57) (58) (59) , and should this occur during CNV infection, the increased availability of retrotransposons may result in a greater proportional encapsidation.
In FHV, retrotransposons were found to account for 0.1% of total encapsidated RNA (23) . As was suggested for FHV, the presence of retrotransposon sequences in CNV particles could possibly provide a means for horizontal transmission of retrotransposons should CNV infect a new host. Horizontal gene transfer is well-known to occur among organisms, including plants, and is believed to catalyze genome evolution. Diao et al. (60) documented the horizontal transmission of a DNA transposon, and more recently, widespread horizontal transmission of retrotransposons has been inferred to occur in multiple plant species (61) . Pathogens, including viruses, were suggested to play a role in horizontal transmission, and our data would be consistent with this possibility.
Confirmation of encapsidation of host RNAs by VLPs and CNV particles. RT-PCR was conducted on selected encapsidated CNV and VLP RNAs to confirm encapsidation and as a means to assess the integrity of the RNA, as it is possible that only small , and CNV-RNAseq2 (C) data sets that aligned with retrotransposons are shown. Retrotransposons were identified on the basis of their annotations using the search terms Copia, Gypsy, TY3, Tf2, TNT, retrotransposable element, retrotransposon, retroelement, LINE-1, and transposon and then grouped into the corresponding superfamilies (i.e., Gypsy, Copia, and LINE-1). It is noted that several annotated transcripts that were not identified as transposons in the N. benthamiana transcriptome were found to have sequence similarity to known transposons, but reads that mapped to these are not indicated in the data sets. Thus, the number of reads should be regarded as the smallest number of reads corresponding to retrotransposons. The n values for the percentages of total assigned reads and total assigned host RNA reads are from Fig. 5. fragments of host RNA are encapsidated, as suggested on the basis of the short read lengths obtained during standard deep sequencing analysis. Figure 8 shows that long cDNAs for cytoplasmic 18S rRNA, chloroplast 23S rRNA, RbcL, mitochondrial 26S rRNA, and two reference genes from Fig. 6 containing retrotransposonlike features (A5BF11 and TY3-G Gag Pol) could be amplified. The sizes of the cDNAs ranged from approximately 1,200 nt to ϳ3,300 nt, indicating that large portions of the RNAs are present in VLPs and CNV virions. In the case of 18S rRNA, 23S rRNA, RbcL, and mitochondrial 26S rRNA, the RT-PCR products correspond to nearly full-length RNA. The CNV genome is ϳ4.7 kb, and this would be expected to be the size for optimal encapsidation. Previous work has shown that up to 5.4 kb of RNA can be encapsidated by CNV (62) and that Tϭ3 particles can encapsidate RNAs as small as 2.1 kb (36) . Thus, encapsidation of full-length cytoplasmic 18S rRNA could likely be in Tϭ3 particles produced by the cytoplasmic 41-kDa protein. However, encapsidation of 23S rRNA and RbcL mRNA by cleaved chloroplast CP was not expected since the fully cleaved stromally located protein is expected to be capable of producing only Tϭ1 particles, as deduced from previous studies of CNV mutants lacking the R domain (35) (36) (37) . The volume of a Tϭ1 particle is expected to be able to accommodate RNA, which would be approximately 1 kb or less. Thus, it is possible that the nearly full-length 23S rRNA and RbcL mRNA could correspond to RNA species that were encapsidated by fulllength CP following chloroplast breakage during infection or artifactually during the virus isolation procedure. The droplet digital PCR (ddPCR) analyses described below utilized primer sets producing PCR products of only ϳ100 to 400 nt in length, so these data are likely a more valid representation of the contribution of host RNAs to virion RNA populations (Fig. 9) .
CNV CP mRNA and TBSV p19 mRNA are efficiently encapsidated in pCNVCPpBin(؉)-agroinfiltrated plants. Viral RNAs are believed to contain sequences and/or structures that are preferentially recognized during virus infection to ensure efficient encapsidation of the genome and to reduce the possibility of encapsidation of host RNA, as described above. CNV CP mRNA and TBSV p19 mRNA are encapsidated in pCNVCPpBin(ϩ) VLPs, on the basis of the results of deep sequencing analysis (Fig. 5A) , and represent 2 of the 3 most abundantly encapsidated mRNAs. As CNV or the closely related TBSV p19 mRNAs may contain sequences that promote assembly, we wished to investigate the encapsidation efficiency of CP mRNA with respect to that of TBSV p19 mRNA and specific encapsidated host RNAs in pCNVCPpBin(ϩ) VLPs. N. benthamiana plants were coagroinfiltrated with pCNVCPpBin(ϩ) and TBSV p19, and at 5 dpi leaves were ground to a fine powder in liquid nitrogen. A portion of the material was used to extract total leaf RNA, and the remaining portion was used Table S1 in the supplemental material, and the transcript identifiers for each RNA are provided in Fig. S1 in the supplemental material. The asterisk in the TY3-G Gag Pol gel highlights the 3,148-bp fragment for which primers were synthesized. This fragment was sequenced and demonstrated to correspond to this gene. The GenBank accession numbers used to prepare the primers are as follows: AJ236016 for cytoplasmic 18S rRNA, Z00044 for 23S rRNA, and BA000042 for mitochondrial 26S rRNA. Transcript identifiers from the N. benthamiana Sydney database are as follows: Nbvtr56230855 for RbcL, Nbv5tr6274273 for A5BF11 Gag, and Nbvtrv56274272 for Ty3-G Gag Pol.
for VLP purification. Purified VLPs were treated with RNase, and then VLP RNA was extracted. Both VLP RNA and total leaf RNA extractions utilized DNase I to remove any contaminating DNA. ddPCR using gene-specific primers (see Table S1 in the supplemental material) was used to quantitate the number of CNV CP, TBSV p19, or specific encapsidated host transcripts (Fig. 9A) present in equivalent amounts of total leaf RNA and VLP RNA. The following formula, previously used to estimate the relative encapsidation efficiency (REE) of viral RNAs (10), was used to determine the REE of CNV CP mRNA compared to that of cytoplasmic TBSV p19 and 18S rRNA, chloroplastic 23S rRNA and the RbcL transcript, and mitochondrial 26S rRNA as follows: the ratio of the number of molecules of encapsidated host RNA of interest relative to that of CNV CP RNA divided by the ratio of the number of molecules of encapsidated RNA species of interest in total leaf RNA relative to that of CNV CP RNA. It was found that 18S rRNA, 23S rRNA, RbcL RNA, and 26S rRNA were encapsidated, on average, at only 1.3%, 13.9%, 5.7%, and 2.6% of the efficiency of CNV CP mRNA, respectively (Fig. 9A) , suggesting that the CNV CP mRNA contains a site (or sites) that is relatively more efficiently recognized by CNV CP for VLP assembly and, moreover, that such a site or sites may serve as one or more of the nucleation sites for assembly of CNV RNA during infection. This is a significant finding, since little is known about the CNV RNA sequences involved in the specificity of viral RNA assembly. Interestingly, the TBSV p19 mRNA was encapsidated at approximately 65% of the efficiency of CNV CP mRNA. The nucleotide sequence of the TBSV p19 ORF is highly similar (86% identical) to that of its to determine the absolute numbers of the indicated RNA species in total leaf RNA or virions from pCNVCPpBin(ϩ)-agroinfiltrated leaves (A) or from CNV-infected leaves (B). The primer sets used for ddPCR are described in Table S1 in the supplemental material. The REE was calculated as described in the text. (A) Each experiment (Exp.) was conducted 2 times (i.e., the data were obtained from independent inoculations) and included 2 technical repeats (i.e., independent dilutions from the same reverse transcriptase reaction) per experiment, which were averaged and are presented here. (B) Data were obtained from a single CNV inoculation. Rep. 1 and Rep. 2, separate reverse transcription reactions from the same virion and total leaf RNA samples. The numbers are averages for independent dilutions from the same reverse transcription reaction. PPI, peptidyl prolyl cis-trans isomerase, which was found to be encapsidated in CNV particles (Fig. 6B). homolog, CNV p20. The efficient encapsidation of TBSV p19 mRNA thus suggests that the CNV p20 ORF may also contain one or more nucleation sites for CNV genomic RNA assembly. Using the same method described above for encapsidation in VLPs, we also examined the REE of specific host RNAs with respect to that of CNV RNA in CNV virions. Figure 9B shows that each of the host RNAs examined (i.e., 18S rRNA, peptidyl prolyl cis-trans isomerase RNA, 23S rRNA, RbcL RNA, and 26S rRNA) is encapsidated, on average, at a very low level in comparison to that of CNV RNA, with relative encapsidation efficiencies ranging from 0.02% for 23S rRNA to 0.31% for RbcL. This is consistent with the low level of these RNAs in CNV virion RNA preparations and further suggests that CNV genomic RNA contains sequences that promote assembly specificity.
The notion that viral RNAs contain specific sequences and/or structures that promote encapsidation is supported by our observation that CNV CP and TBSV p19 mRNAs are encapsidated relatively more efficiently than other RNAs transcribed in CNVCPpBin(ϩ)-infiltrated plants. However, a variety of other nonviral RNAs, including the major cellular rRNAs and numerous host mRNAs, are also encapsidated, suggesting that encapsidation can occur, albeit less efficiently, in the absence of these specific viral RNA sequences. Nevertheless, the CNV virions produced during infection predominantly contain viral RNA. It is interesting that the majority of host RNAs encapsidated in CNV virions are chloroplast encoded. Nonspecific encapsidation of chloroplast RNAs may occur in the absence of a functional replicase, as has been previously suggested for BMV (25, 48, 49) , whereas more specific encapsidation may occur in its presence in the cytoplasm. Also, CNV is replicated within spherules derived from peroxisomes in the cells of N. benthamiana (50) . Should encapsidation take place in the vicinity of replication, the predominant RNA is likely to be viral RNA, and thus, virions would contain a low level of host RNA species. It is likely that a number of factors contribute to the specificity of CNV encapsidation, including the presence of a high-affinity site(s) for CP binding (in the CP-and CNV p20-coding regions) and the relative predominance of viral RNA at the site of replication. Our data support both of these hypotheses.
Encapsidation of sequences derived from retrotransposons or retrotransposons that are likely amplified during infection suggests that viral infection may promote genome evolution and also contribute to the horizontal transmission of retrotransposons to other naive hosts, thus influencing the evolution of these hosts as well.
